The aim of our study is to investigate the protective effect of Spirulina fusiformis against streptozotocin-induced diabetes in Wistar albino rats. Rats were divided into five groups: group I was normal control, group II was diabetic control (50 mg/ kg b.w. of streptozotocin, i.p.), group III was Spirulina fusiformis (400 mg/kg b.w., p.o.) treated diabetic rats; group IV was Glibenclamide (0. 6 mg/kg b.w., p.o.) treated diabetic rats and group V was treated with Spirulina fusiformis (400 mg/kg b.w., p.o.) alone. There was significant elevation in the levels of blood glucose, serum lipid profile and serum renal markers (total protein, urea, creatinine and uric acid) in the diabetic rats. Also, diabetic rats showed significantly (P < 0.05) reduced antioxidant status (reduced levels of superoxide dismutase, catalase, glutathione peroxidase, glutathione-S-transferase and reduced glutathione; increased levels of TBARS), impaired oral glucose tolerance and elevated HbA1C. Spirulina fusiformis was able to normalize the above mentioned parameters. Significant histopathological changes were found in the pancreas, liver and kidney sections of the diabetic control group while treatment with Spirulina fusiformis was able to minimize the extent of tissue damage. Current study shows that Spirulina fusiformis possesses significant antidiabetic and antihyperlipidemic effects in streptozotocin-induced diabetic rats by effectively reducing the rise in blood glucose levels and lipid profile.
Introduction
Diabetes mellitus (DM) is due to metabolic imbalance which is non-physiological (Machha et al. 2007) . It is a worldwide health problem (Eliza et al. 2009 ) where 7% of the world's adult population is affected by DM (Babu et al. 2013) . DM is one of the leading causes of death in the global scenario (Devi et al. 2012) . It is classified as defects in insulin secretion which is termed as type-1 (or) resistance to insulin action which is termed as type-2 (Sirasanagandla et al. 2013) . DM is associated with hyperglycemia which would cause damage to the blood vessels, eyes, nerves and kidneys. DM will affect social, psychological and physical activities of the life. Some of the clinical manifestations of DM are polyuria, weight loss, blurring of vision and thirst. Chronic hyperglycemia may cause ketoacidosis or non-hyperosmolar coma which occurs in severe DM due to the absence of treatments (Devi et al. 2012) . DM is characterized by an increase in triglyceride and low-density lipoprotein (LDL), but a decrease in high-density lipoprotein (Sadek et al. 2013) . Glibenclamide (GLB) has the property of antihyperglycemic activity, which belongs to the sulphonyl urea class of antidiabetic medication. GLB is administrated along with the adjunct, which lowers the blood glucose level in DM patient (Sharma and Kar 2014) . GLB binds and activates sulphonyl urea receptor 1, which regulates ATP-sensitive potassium channels in pancreatic β-cell. This results in membrane depolarization to open voltage-gated calcium channels, which increases intracellular calcium and stimulates insulin release. This also reduces glucose from the liver, which blocks the conversion of glycogen to glucose (Sharma and Kar 2014) . DM patients are reported to have higher incidence of myocardial infarction than non-DM patients (Keidan et al. 2002) . There are many adverse effects which are associated with the continuous use of such synthetic drugs.
Researchers around the globe currently focus on herbal and natural products for antidiabetic effects. Drugs from natural sources are more economical to the patients, which could be bought in their affordable rate (Eliza et al. 2009 ). Around 45,000 Indian plant species are known to have significant medicinal properties. Antidiabetic activity is one of the main medicinal properties of these herbal plants (Zheng et al. 2011) . Spirulina fusiformis is a Cyanobacterium which has been used as a protein-rich food supplement with ethno pharmacological significance in both humans and animals (Sadek et al. 2017 ). This blue-green alga grows in a warm climate and is a rich source of minerals, vitamins and antioxidant pigments (Sabina et al. 2009 ). Spirulina is being investigated through various studies for its antidiabetic, immunomodulatory and antioxidant activities (Finamore et al. 2017; Gargouri et al. 2017) .
Streptozotocin (STZ) is being used to induce both type I and type II DM. Multiple low doses of STZ induce type I DM while single dosage of STZ induces type II DM (Deeds et al. 2011) . The current study involves the use of a single dose of STZ to achieve establish type II DM in the experimental rats. The aim of our investigation is to study the effects of Spirulina fusiformis on streptozotocin (STZ)-induced diabetes in rats.
Materials and methods

Experimental animals
Female Wistar albino rats with mean body weight 130 g were used in this study. The rats were obtained from VIT Animal house, VIT University, Vellore, Tamil Nadu, India. The rats were provided with pelleted commercial feed which was obtained from Hindustan Lever Ltd., Bangalore, India. Water and rat feed were provided ad libitum. The rats were cared and treated properly treated according to the guidelines of Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), Chennai, India. The ethical clearance approval number for current study is VIT/IAEC/11th/October 10th/No. 25.
Dosage
Rats were kept in fasting condition for 12 h, after which diabetes was induced by intraperitoneal injection. STZ (50 mg/kg b.w.) was used to induce diabetes in rats. The progression of the disease was confirmed by blood glucose test. GLB (0. 6 mg/kg b.w.) was administrated orally and was used as the standard drug. Spirulina fusiformis (400 mg/kg b.w.) was administrated orally for 28 days (Chen et al. 2005; Erejuwa et al. 2011b; Martin and Sabina 2016) .
Treatment design
The rats were divided into five groups of six rats each. Group 1 rats were considered as normal control. Group 2 rats served as diabetic control, which were administrated with a single dose of STZ (50 mg/kg b.w.). Group 3 includes Spirulina fusiformis (400 mg/kg b.w.; p.o.) treated STZ-induced diabetic rats. Group 4 was GLB (0. 6 mg/kg b.w.) treated diabetic rats. Spirulina fusiformis alone treated rats represented Group 5. The treatment duration was 28 days.
Estimation of glucose
Blood glucose was tested with the help of a glucometer (One Touch Ultra-2, India) at regular intervals of 7 days by tail vein puncture (Fujiwara et al. 1988 ).
Sacrifice and storage of sample
After killing, blood was collected by cardiac puncture technique and serum was separated to be used for various analyses. Liver, kidney and pancreas were stored in 10% formalin solution after washing it in a phosphate-buffered saline (PBS) solution.
Biochemical analysis
Liver and kidney samples were homogenized in PBS and the supernatant on centrifugation was used for the estimation of thiobarbituric acid reactive substances (TBARS) (Ohkawa et al. 1979) , activities of superoxide dismutase (SOD) (Marklund and Marklund 1974) and catalase (CAT) (Sinha 1972) , total protein (Classics Lowry et al. 1951 ), glutathione-S-transferase (GST) (Habig et al. 1974) , glutathione peroxidase (Gpx) (Zachara et al. 2004 ) and reduced glutathione (GSH) (Cigremis et al. 2009 ). Serum biochemical parameters such as creatinine, uric acid, urea, total protein, total cholesterol, high-density lipoprotein (HDL) and triglycerides (TGL) were estimated using commercial diagnostic kits purchased from AutoSpan diagnostics Ltd., India and the assays were carried out as per the manufacturer's instructions. Whole blood samples (ethylene diamine tetra-acetic acid [EDTA] anticoagulated) were used for the estimation of HbA1C using Bio-Rad D-10 HPLC.
Histopathological examination
Portions of liver, kidney and pancreas were processed by routine histopathological techniques and the sections thus obtained were stained with hematoxylin and eosin. They are used to the histopathological changes in the experimental rats.
Statistical analysis
ANOVA was performed for the statistical analysis of obtained data and values are expressed as mean ± SD. The significant differences between the groups were determined by Student Newman-Keul's test. P < 0.05 implied significance.
Results and discussion
Effect of Spirulina fusiformis on body weight of STZ-treated rats
There was significant (P < 0.05) decrease in the body weight of the diabetic rats compared to the control group (Table 1) . There are various studies which prove the significant (P < 0.05) decrease in body weight of STZ-induced rats (Erejuwa et al. 2011a ). The body weight of standard group (GLB-treated) was almost similar to the body weight of the diabetic rats. It has been observed that GLB was not able to normalize the body weight of diabetic rats (Erejuwa et al. 2011a ). The diabetic rats treated with Spirulina fusiformis showed increase in body weight, which is similar to the normal group.
Blood glucose levels
STZ-treated rats show significant (P < 0.05) increase in the level of glucose ( Fig. 1) , which lies in the diabetic range (≥ 200 mg/dl). This result was found to be similar to several studies on STZ-induced models (Eidi et al. 2006; Erejuwa et al. 2011a; Sadek and Shaheen 2014) . The normal range of glucose level must be less than 140 mg/dl. GLB was able to bring back increased glucose level to near normal range Table 1 Effect of Spirulina fusiformis on body weight of STZ-treated rats Each value represents the mean ± SD of six rats. Comparisons were made as follows: a-group I vs groups II, III, IV, V; b-group II vs group III, IV,V; c-group III vs group IV, V; d-group IV vs group V. The symbols represent statistical significance at *P < 0. 05. Statistical analysis was calculated by one-way ANOVA followed by the Student Newman-Keul's test which is similar to several studies (Erejuwa et al. 2011a; Devi et al. 2012) , whereas Spirulina fusiformis-treated group was able to control the level in normal range (Sadek et al. 2017) . The partial destruction of the beta cells by streptozotocin had led to increase in blood glucose levels which were brought to near normal levels by Spirulina administration. The blue green algae being studied extensively for its antioxidative activity might have reduced the extent of oxidative damage to the pancreatic beta cells.
Nephroprotective effect of Spirulina fusiformis in STZ-treated rats
STZ-treated rats show alterations in renal functional markers. There was significant (P < 0.05) increase in the renal functional markers of the STZ-treated group (Figs. 2, 3 ). This alternation is similar to several studies (Eidi et al. 2006; Erejuwa et al. 2011a) . GLB was observed to reduce the elevated levels of renal functional markers, which has also been reported in several studies (Erejuwa et al. 2011a; Devi et al. 2012) . Spirulina fusiformis was able to significantly (P < 0.05) decrease the renal functional markers level, which was almost similar to standard group.
Effect of Spirulina fusiformis on antioxidant status of STZ-treated diabetic rats
Antioxidant parameters such as SOD, CAT and TBARS and also liver glycogen were observed to show a significant (P < 0.05) decrease in the level of the diabetic group (Table 2) . Similar to the results of previously published studies, our study also shows that the STZ was able to reduce the antioxidant enzyme levels (Erejuwa et al. 2011a; Devi et al. 2012) . In standard group, the level of SOD, CAT and liver glycogen was high compared to the diabetic group. Drugtreated group possessed significant (P < 0.05) increase in the levels of SOD, CAT and liver glycogen which was found to be similar to standard group. Whereas the level of TBARS was high in the diabetic group but the Spirulina fusiformis was able to revert back the elevation of the TBARS (Table 2 ). Liver and kidney of STZ-induced rats showed a significant (P < 0.05) reduction in the level GST, Gpx and The symbols represent statistical significance at *P < 0.05. Statistical analysis was calculated by one-way ANOVA followed by the Student Newman-Keul's test Fig. 3 Effect of Spirulina fusiformis on the levels of serum urea in STZ-induced diabetic rats. Each value represents the mean ± SD of six rats. Comparisons were made as follows: a group I vs groups II, III, IV, V; b group II vs group III, IV, V; c group III vs group IV, V; d group IV vs group V. The symbols represent statistical significance at *P < 0.05. Statistical analysis was calculated by one-way ANOVA followed by the Student Newman-Keul's test GSH (Table 3) . Decrease in the level of GST, Gpx and GSH was also observed in similar studies (Nagmoti et al. 2015; Lekshmi et al. 2015; Abdel-Daim et al. 2016 ). Decreased GSH level was due to the formation of hyperglycemia. Spirulina fusiformis-treated rats were able to reduce the formation of hyperglycemia which was observed by GSH, GST and Gpx level. GSH has the ability of scavenging free radicals. Increased GSH level indicates the reduction of free radicals that was predominant in Spirulina fusiformis-treated rats. The antioxidant effects of Spirulina fusiformis in current study are comparable with that of similar studies carried out in diabetic rat model involving natural compounds such as saponarin (Simeonova et al. 2016 ).
Effect of Spirulina fusiformis on total protein, total cholesterol, HDL and triglyceride
Total protein (Fig. 4) and HDL (Fig. 5 ) level of diabetic rats showed a significant (P < 0.05) decrease in its level. Spirulina fusiformis-treated diabetic group was observed to normalize the level of total protein and HDL. Elevation in total cholesterol (Fig. 5) , triglyceride ( Fig. 5 ) and Hb A1C (Fig. 6 ) was observed in the serum of diabetic rats; this is also similar to several STZ-induced studies (Eidi et al. 2006; Erejuwa et al. 2011a ). The Spirulina fusiformis groups were observed to reduce the significant (P < 0.05) elevated levels of total cholesterol and triglyceride, which lies in the normal levels. The levels of drug-treated group were similar to the levels of the standard group. Spirulina being a rich protein supplement and antioxidant it might have antihyperlipidemic activities, thereby reducing the rise in serum cholesterol.
Effect of Spirulina fusiformis on HbA1C levels
HbA1C levels were found to be significantly (P < 0.05) elevated in the diabetic rats. The administration of Spirulina fusiformis was able to reduce the elevated levels of HbA1C significantly (P < 0.05), thereby providing Studies have shown that several plant extracts and phytocompounds with significant antioxidant and antidiabetic potential are effective in reducing the HbA1C levels in diabetic rat models (Kamalakkannan and Prince 2006; Kotha et al. 2017) . Our finding regarding the effect of Spirulina fusiformis in maintaining glycemic control is well correlated with such similar studies.
Effect of Spirulina fusiformis on pancreas, liver and kidney tissue histopathology
The normal pancreas was observed with exocrine acini and their intra lobular ducts, which was in small, round and lightstaining the islets of Langerhans. The centre of islet cells consists of small β-cell and the periphery consists of large alpha cells. The diabetic pancreas was observed with the presence of connective tissues with separate lobules. The β-cell comprises basophilic granules and alpha cells comprise eosinophilic granules. It is also observed with necrosis, Fig. 4 Effect of Spirulina fusiformis on serum total protein levels in STZ-induced diabetic rats. Each value represents the mean ± SD of six rats. Comparisons were made as follows: a group I vs groups II, III, IV, V; b group II vs group III, IV, V; c group III vs group IV, V; d group IV vs group V. The symbols represent statistical significance at *P < 0.05. Statistical analysis was calculated by one-way ANOVA followed by the Student Newman-Keul's test severe damage in islet of langerhans, reduced number of cells and islets size. This was also observed in various studies (Erejuwa et al. 2011b ). Some degenerated β-cell and lymphocytic infiltration were observed in the diabetic pancreas. In treated group, the pancreatic lobules were separated by thin connecting tissues, which was also similar to various studies (Erejuwa et al. 2011b; Devi et al. 2012) . Pancreas was also reported to be damaged by alloxan (Ragavan and Krishnakumari 2006) . In diabetic control rats, pancreas islets cells were reduced in number, which were restored to near normal in Spirulina fusiformis-treated group. Spirulina fusiformis is observed to restore the islets size and damages of cells (Fig. 7) . Figure 8 represents the kidney histopathology of study animals where normal control rats show normal morphological structure of the renal tubules, basement membrane and glomeruli. Diabetic control was characterized by vacuolation, expansion of mesangial cells, necrosis of epithelium, proteinuria and thickening of the glomerular basement membrane. This characterization was also observed in several other studies on STZ-induced diabetic rats (Erejuwa et al. 2011b ). There was a restoration in renal cellularity with less damage in the renal tissue of GLB and Spirulina fusiformistreated diabetic rats. Figure 9 represents the liver histopathology of study animals where group I shows normal histopathology of the liver with central vein and hepatocytes. Histopathological changes in the diabetic liver were observed to show necrosis and periportal fatty infiltration. This is found to be in accordance with the previously published data (Ragavan and Krishnakumari 2006) . Spirulina fusiformis alone treated group was observed to show normal hepatocytes with central vein and GLB-treated group also showed normal histology of liver.
STZ has the activity of selective destruction of pancreatic islets β-cell cytotoxicity and it is frequently administrated for animal studies (Pari and Latha 2002) . Administration of STZ is known to cause DM, with various complications like body weight loss, polyphagia, polydipsia, hyperglycaemia and glycosuria (Pari and Latha 2002) .
Spirulina fusiformis is reported to have hepatoprotective activity which is proved against galactosamineinduced rats (Sabina et al. 2013) . Spirulina platensis was reported to protect against diabetic nephropathy (Zheng et al. 2013) . A study on Spirulina has shown its protective role against apoptosis. Spirulina is an edible alga, which is used in improving antioxidant capacity (Chu et al. 2010) . Hypolipidemic and hypoglycemic properties of Spirulina have been studied and it is reported to maintain the glucose concentration and maintain normal lipid profile against type-2 diabetes (Parikh et al. 2001) . Study of Spirulina platensis on deltamethrin-induced rats has reported its antioxidant activity and ability to reduce the toxicity (Abdel-Daim et al. 2013) . Spirulina has been reported to treat anemia and improve the immune function (Selmi et al. 2011) . Spirulina is reported to have radio-protective activity which was experimented against ionizing-radiation induced oxidative stress and organ injury (Rehab 2012) . A study on Spirulina maxima has reported to show protection against hepatotoxic, hyperglycaemic and hyperlilidaemic activity, which was analyzed on fructose-induced diabetic rats (Jarouliya et al. 2012 ).
Conclusion
The current study has demonstrated the effectiveness of Spirulina fusiformis in STZ-induced diabetic rats probably by its antioxidant activity. It is also evident that this blue green alga was able to maintain the serum renal function islets (arrow). c Group III shows the recovery of islets. d Group IV shows the recovery of islets. e Group V shows normal islets (arrow). The lobular architecture is maintained markers such as urea, creatinine and uric acid at near normal levels, thereby proving that it is effective in preventing renal damage due to diabetes. Our study also provides evidence on the antihyperlipidemic potential of Spirulina fusiformis in diabetic rats. Reduction in the elevated levels of HbA1C provides evidence on the potential of Spirulina in maintaining good glycemic control. Histopathological evidence shows that the algae prevent oxidative tissue damage, thereby preventing diabetic complications in the liver and pancreas. However, further studies at molecular level would aid explore the molecular mechanisms underlying the antidiabetic activity of Spirulina fusiformis against STZinduced diabetes. 
